Abstract. In this brief note we explore the role of the neutral atmosphere in magnetosphere-ionosphere coupling. We analyze momentum balance in the ion rest frame to form hypotheses regarding the role of neutral momentum in the lower ionosphere during geomagnetic storms. Neutral momentum that appears in the ion rest frame is likely the result of momentum imparted to ionospheric ions by solar wind flow and the resultant magnetospheric dynamics. The resulting ionneutral collisions lead to the existence of an electric field. Horizontal electron flow balances the momentum supplied by this electric field. We suggest a possible role played by the neutral atmosphere in generating field-aligned currents due to local auroral heating. Our physical interpretation suggests that thermospheric neutral dynamics plays a complementary role to the high-latitude field-aligned currents and electric fields resulting from magnetospheric dynamics.
Introduction
Momentum transfer from the solar wind to the magnetosphere and ionosphere is a significant source of geospace dynamics, which is enhanced during periods of geomagnetic activity. A number of consequences are known to occur, such as increased field-aligned currents (FACs) that flow between the ionosphere and magnetosphere, enhanced ionization due to precipitating particles, increased and enlarged high-latitude plasma convection, and neutral atmosphere heating (Kelley, 2009; Brekke, 2013) . The complex physical processes that occur in the partially ionized, collisional plasma that resides in the lower ionosphere are often described using Ohm's law (Song et al., 2001) , which is a relationship between electric and magnetic fields and currents in the plasma. Ohm's law can be derived based on the quasi-static assumption that electric, magnetic, and collisional forces within the plasma are balanced (Vasyliunas, 2012) . Although Ohm's law is less applicable during highly dynamic situations in which changes in plasma inertia play a role, it is nevertheless widely used to understand electrodynamic relationships between different elements of the plasma and interactions with the neutral species in which the plasma is embedded.
In this paper, we analyze the plasma momentum balance equations in the ion rest frame in order to gain insight into cause and effect relationships in the high-latitude ionosphere, specifically with respect to magnetosphere-ionosphere coupling. In this frame we deduce the importance of the solar wind in imparting momentum to the neutral thermosphere through the intermediary of magnetosphere dynamics, and we discuss the implications. The analysis occurs in the ion rest frame because of certain clarifying features of this frame.
2 Momentum balance equations Song et al. (2001) (hereafter Song01) derived a three-fluid version of Ohm's law to deduce relationships between currents and electric and magnetic fields taking collisions with neutral species into account. The starting point is the momentum balance equations governing ions, electrons, and neutrals, assuming charge neutrality (Eqs. 4 and 5 in Song01; see also Brekke and Rino, 1978) :
−qN e (E + u e × B) = N e m e υ en (u e − u n )
where q is the electron charge, N e is the charge density of either electrons or ions, E is the electric field, B is the magnetic field, m i and m e are the ion and electron masses, respectively, and u e , u n , and u i are the electron, neutral, and ion velocities, respectively; υ in , υ ie , υ en , and υ ei are the ionneutral, ion-electron, electron-neutral, and electron-ion momentum transfer rates (also called "collision rates"), respectively. We note that the following relation applies to all of these rates: m k υ kl = m l υ lk , where k, l represents one of the species: electron, ion, or neutral (Gombosi, 2004) , and k = l.
Similarly to Song01, we assume that ionized oxygen is the dominant ion and ignore the others, although this choice does not affect our conclusions significantly. As in Song01, we also assume that atomic oxygen is the dominant neutral species at altitudes at which ionospheric conductivities are largest (∼ 110 km; Kelley, 2009) . Different relative concentrations of neutral species will change the numeric values pertinent to Eqs. (1) and (2) somewhat, but will not alter our overall conclusions. Charge neutrality is assumed throughout (N e ≈ N i ) where N i is the ion density. Pressure gradients are neglected in Eqs. (1) and (2) (see Eqs. 1 and 2 of Yokoyama et al., 2004 , for inclusion of pressure effects). We gain insight into high-latitude magnetosphereionosphere coupling by examining Eq. (1) in the ion rest frame, which has several advantages. We know that in the limit of no collisions and in the absence of pressure gradient forces, the electric field in the ion rest frame is zero (Bellan, 2008) . Thus, we can reasonably conjecture that the presence of an electric field in the ion rest frame is intimately tied to collisions with neutrals.
Equations (1) and (2) reflect momentum balance and do not describe dynamics or cause and effect relationships (Richmond and Thayer, 2000) . For example, the origin of the electric field is not specified. The equations merely express that, under quasi-static conditions, electromagnetic forces are balanced by collisional forces. We will suggest below that collisions between ions and neutrals cause the electric field. A disadvantage of using the ion rest frame is that we cannot, in this frame, analyze cause and effect as it relates to ion motion, which is always zero. However, we understand that the primary cause of ion motion in the Earth rest frame is momentum supplied by the solar wind flowing past Earth.
In the following we assume that B in Eqs. (1) and (2) is the geomagnetic main field. Geomagnetic perturbations, being less than 1 % of the main field, do not contribute significantly to quasi-static momentum balance considerations. Deviations, if any, from Earth's geomagnetic field are not retrievable from Eqs. (1) and (2) alone. However, deviations from or perturbations to the geomagnetic main field are essential elements of theories of inductive magnetosphereionosphere-thermosphere coupling, which require solutions to Maxwell's equations (Tu et al., 2014; Tu and Song, 2016) .
Equations (1) and (2) have many solutions in terms of the variables E, u e , u n , and u i . A trivial and impractical solution to the above equations is that all velocities are zero and there is no momentum in the ion rest frame. This solution is not of interest during conditions leading to geomagnetic storms. The solar wind imparts momentum to ionospheric ions via electrodynamic forces, as is well known from observations of ion convection anti-sunward over the polar cap (Milan, 2017) . The neutral species will be influenced by ion-neutral collisions and other forces, such as gravity and pressure forces due to coupling from below, and in general neutrals will be at a different velocity than the ions. We know from observations that frictional heating between ions and neutrals is a very prominent feature of the high-latitude ionosphere, particularly during storms (Thayer and Semeter, 2004; Kelley, 2009 ). This implies a velocity difference between ions and neutrals (Ridley et al., 2006) . So, the trivial solution is too narrow to consider further, and there are clearly other important solutions for which u n = u e = 0 in the ion rest frame.
In the ion rest frame, Eqs. (1) and (2) become
By focusing on the ion momentum Eq. (3) and putting in typical values for momentum transfer rates (e.g., Fig. 1 in Song01 for altitude ∼ 110 km), we have
where the electric field is in units of volts per meter. Assuming that electron velocities do not exceed neutral velocities by ∼ 5 orders of magnitude (justified below), the electric field in the ion rest frame is directly related to neutral flow, and the horizontal flow of electrons (which carry the current in the ion rest frame and flow at altitudes near 110 km) is not important to ion momentum balance. We believe it is plausible that FACs of magnetospheric origin carried by electrons, which close horizontally in the ionosphere, do not play a significant role in the creation of the electric field that exists in the ion rest frame. It is more likely that such an electric field is caused by differential motion between ions and electrons due to the different momentum transfer rates between ions and neutrals and between electrons and neutrals. The generation of electric fields by ion-neutral velocity differences has been widely explored in the literature (e.g., Prakash and Pandey, 1985; Liperovsky et al., 1997; Yokoyama et al., 2004) . Momentum balance equations do not provide information on the causes of the electric field. However, it is clear that currents in the ion rest frame carried by electrons contribute negligibly to ion momentum balance at altitudes near 110 km. An electric field must exist in this frame if neutral species have a different velocity than the ions. Electric currents that may be flowing are not constrained by ion momentum balance considerations alone.
The electric field appearing in Eq. (5) must also be used in the electron momentum balance Eq. (4). At 110 km of altitude, we have (using collision rates from Fig. 1 of Song01, which apply to 75 • latitude and local noon conditions near solar minimum; 1976) E = 8.14 × 10 −8 (u e − u n ) − 3.07 × 10 −9 u e (6)
where we have assumed a typical magnetic field value of 50 000 nT and a vertical orientation. In the E-region ionosphere, electric fields perpendicular to magnetic field lines are generally much larger than parallel electric fields (Kelley, 2009 ). Thus, momentum balance in Eq. (6) is achieved at high latitudes with horizontal electric fields and horizontal electron flow. If horizontal electron velocities are not orders of magnitude different than neutral velocities (first term in Eq. 6), electron momentum balance in the ion rest frame is largely achieved by the u e B Lorentz force term (third term in Eq. 6). We discuss electron velocities in the ion rest frame below.
A reasonable physical interpretation is that, once a steadystate velocity difference is established between ions and neutrals, an electric field must exist in the ion rest frame and horizontal currents (u e = 0) will flow. Currents of magnetospheric origin, while they clearly exist, need not be invoked as a "driving" factor in the ionospheric response because they may contribute negligible horizontal momentum. The primary "driver" of high-latitude convection is momentum imparted to ionospheric plasma by the solar wind via magnetospheric convection, leading to ion-neutral velocity differences (Vasyliunas, 2001; Song et al., 2009; Tu et al., 2011) .
The horizontal currents created as a result of magnetospheric dynamics will be consistent with FAC flowing where the horizontal currents diverge (Milan, 2013) . The primary role of magnetospheric dynamics in MI coupling suggests that MHD wave coupling approaches, including the lowest frequencies, should be viewed as fundamental to understanding the coupled geospace system (Tu et al., 2014; Tu and Song, 2016) .
Our conclusions depend strongly on altitude (Richmond and Thayer, 2000) . As altitude increases the ion-neutral collision rate drops rapidly (e.g from 900 s −1 at 110 km to 25 s −1 at 150 km of altitude), lowering the electric field in the ion rest frame. At these higher altitudes, the influence of the neutral motion on the electrodynamics is much smaller.
Discussion
In the above analysis, conducted in the ion rest frame and applicable to the lower ionosphere (i.e., altitudes less than 150 km), we have deduced that currents coming into the ionosphere due to magnetospheric processes are not a significant source of horizontal momentum for the high-latitude ionosphere. Therefore, magnetospheric currents may not be causally responsible for horizontal flow in the ionosphere near altitudes of ∼ 110 km at which collisions with neutrals are important.
Our conclusions depend to some degree on an estimate of the values of the electron velocities. If the electron velocities were large enough, electron momentum could be a more significant factor than we have suggested in the above. We can estimate electron velocities from typical (Earthfixed) FAC current values (e.g., Iijima and Potemra, 1976) of ∼ 2 µA m −2 , leading to electron velocities of ∼ 2/(qN e ) ∼ 156 m s −1 , assuming typical electron density values of 8 × 10 10 el m −3 near 110 km of altitude. Electron velocities in this range do not supply sufficient momentum to alter the above conclusions. We note that currents are approximately independent of reference frame.
Although our hypothesis has been derived using the ion rest frame, cause and effect relationships are not dependent on this frame. Relative velocities (e.g., between ions and neutrals) are also independent of reference frame. Considering an Earth-fixed reference frame means ion motion can exist and contribute to currents, and electric fields increase overall relative to the electric fields in the ion rest frame. In the neutral wind reference frame, neutral momentum is zero and it might appear that electrodynamic processes in the magnetosphere are the only significant causal factors. In a neutral wind reference frame, no cause and effect relationship involving neutral momentum is revealed by momentum balance considerations. However, in the ion rest frame, momentum balance is strongly suggestive that the velocities of neutral species must play a role in FAC generation. Neutral winds in the plasma rest frame can arise from magnetospheric dynamics or from dynamic interactions involving only neutral species.
We can carry our hypothesis into the Earth-fixed reference frame (or any reference frame). The advantage of using the ion rest frame as a starting point is that we know in this frame that the electric field is zero if collisions are absent and pressure gradients are ignored. The origin of electric fields in the Earth-fixed or neutral wind reference frames is harder to ascertain.
The role of locally generated neutral wind divergence is insufficiently explored as a source of FACs flowing between the magnetosphere and ionosphere. Neutral wind divergence in association with localized heating due to auroral precipitation may play a significant role in localized FAC generation. Cooper and Conde (2006) report divergence values in a locally heated region (via modelling) that are 1-2 orders of magnitude larger than divergence estimates from largescale convective motion (e.g., Thayer and Killeen, 1991) . Using the electric field derived from Eq. (5) and a typical Hall conductivity value of 5 × 10 −4 Siemens m −1 integrated over 20 km of altitude, speed divergences of 1.3 × 10 −3 s −1 are sufficient to create FAC magnitudes of ∼ 2 µA m −2 . Such divergence values are consistent with estimates of divergence due to auroral arc heating (Cooper and Conde, 2006) . We discuss a perspective on ionospheric electrodynamics that emphasizes the importance of ion-neutral velocity differences within the high-latitude ionosphere (see also Tu et al., 2011, and Vasyliunas, 2012) . To the extent that such velocity differences are not caused by currents originating with magnetospheric processes, this perspective de-emphasizes magnetospheric current systems as a primary causative factor in magnetosphere-ionosphere coupling (however, see Milan et al., 2017; Milan, 2013; Thayer and Semeter, 2004; Cowley, 2000; Kan, 1987) . We are inferring cause and effect relationships based on momentum balance considerations, not considerations of what changes the inertia of the charged or neutral species. Momentum balance and Ohm's law are not sufficient to derive the causal chain. However, they are suggestive and useful for forming hypotheses.
Field-aligned currents originating with magnetospheric processes are certainly a factor in the dynamics of the high-latitude ionosphere (Vasyliunas, 1970; Robinson et al., 1987) . However, solar wind momentum coupled via electrodynamic forces to the ionosphere is what causes the large horizontal momentum increases that occur in the ionosphere during geomagnetic storms, and FACs are a consequence of this momentum coupling (Coxon et al., 2014) . The complexity of geomagnetic storms creates challenging conditions in which to distinguish cause and effect relationships (Mannucci et al., 2015) . Analysis of momentum balance in the ion rest frame suggests that collisions between ions and neutrals leads to an electric field causing horizontal electron currents. Divergence of these currents should be considered in terms of the neutral species contribution to FACs.
Our focus is on altitudes at which ion-neutral collisions are important and ionospheric currents flow. From an Earth-fixed perspective, if ion momentum in the ionosphere is traceable back to the momentum input from the solar wind and less so from details of magnetospheric current processes, then solar wind-ionosphere coupling is an important and possibly dominant causal mechanism in ionospheric electrodynamics (Tu et al., 2014; Tu and Song, 2016) . Neutral dynamics due to localized heating should be further investigated in terms of their impact on field-aligned currents flowing between the ionosphere and magnetosphere.
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